The presented work is an alternative to established measurement systems in surgical navigation. The system is based on camera based tracking of QR code markers. The application uses a single video camera, integrated in a surgical lamp, that captures the QR markers attached to surgical instruments and to the patient.
Introduction
Surgical navigation systems are used to visualize the position of medical instruments relative to the patient on three dimensional computer tomography (CT) or magnetic resonance tomography (MRT) patient data during surgery. With the help of this assistance, the surgeon can navigate accurately to the operating field and perform the operation without harming sensitive structures around that region. For localizing the patient and the instruments two established measurement principles exist: optical tracking [1] and electromagnetic tracking [2] . Optical tracking systems use an external stereoscopic camera that measures the position of reflector spheres arrayed on the instruments and the patient. That way the relative transformation between the patient and the instruments is determined. The main disadvantages are the required space in the operating room and the restriction of the medical personnel in accessing the patient, as the camera's line of sight must not be blocked. Electromagnetic tracking systems use a magnetic field to measure the position of a sensing coil on the instrument or the patient. The key disadvantages are the higher inaccuracy compared to optical tracking and its susceptibility to electrically conductive and ferromagnetic materials.
The developed system based on QR codes is a novel approach for the tracking procedure for surgical navigation systems. The proposed system uses a video camera and flat markers for localization [3] .
System description
A single high resolution camera that is integrated in a surgical light is used to measure the position and orientation of QR codes attached to the patient and surgical instruments to track. The system is highly integrated, the line of sight problem is minimized and the QR code markers are intuitively in the field of view of the camera. A special feature is that QR codes of different sizes can be flexibly used for various instruments since the QR code size, that is required to determine the position, and transformation from marker to tip can be stored in the QR code. A further benefit of using a QR code as a marker for pose estimation, is that the QR code structure allows to detect many feature points that can be used for precise detection. Figure 1 shows a system setup with a patient marker and an instrument marker.
Image processing algorithms
Surgical navigation requires a highly accurate estimation of the patient and instrument pose. In this work, this approach is done by detecting geometrical features and computing the homography transformation between the QR code and the camera.
The work flow of image processing is shown in Figure 2 . First of all, the region of interest is detected for every QR code in the acquired images. Then each detected QR code is decoded, i.e. the information that is saved in Figure 1 : System description of the surgical navigation measurement system based on QR codes. A high resolution camera integrated in the surgical light acquires images of QR codes attached to a pointer instrument and the patient. The transformation between the QR codes and the camera is computed by detecting the marker position and orientation in the images and reading the QR size that is encoded in the QR codes. the QR code is extracted. As input for the pose estimation, the code structure is detected with high precision, i.e. corresponding feature points are computed. Finally the position and orientation is estimated.
Region of interest (ROI) detection
QR codes are characterized by three finder patterns (FIPs) [4] . The FIPs are located in three corners of the QR code. Each finder pattern consists of three contours that can be detected, i.e. i, j and k (see Figure 3 ). To achieve a robust recognition of the FIPs of each QR code, three geometrical features are considered: hierarchy, concentricity and perimeter proportionality. − Hierarchy: Contour i encloses contour j and k − Concentricity: The three contours have the same or nearly the same center of mass − Perimeter proportionality: The contours have the following specific length ratio:
when the above conditions are fulfilled, a FIP is unequivocally detected.
To establish the desired ROIs it is necessary to group the detected FIPs. This means, that in a frame with multiple markers, the detected FIPs have to be assigned to the corresponding QR code in order to create a ROI of each QR code. The assignment can be considered as a classification problem. To perform the classification, the following features are considered for each FIP: perimeter, area and distance to the origin. The product of these features is a very robust measure to classify the FIPs. The features are sorted and divided into the number of found QR codes. If there are for instance three QR codes, there will be nine FIPs and the feature vector has nine elements. In the sorted vector the first three elements correspond to the first QR code, the 4 th , 5 th and 6 th element to the 2 nd QR code and so on. The ROI creation process is a geometric calculation based on all of the points obtained in the FIPs detection step. Figure 4 shows the involved points and how the ROI is created based on the geometry. The goal is to obtain the four points P 1 , P 2 , P 3 and Q. The points P 1 , P 2 , P 3 are obtained by the FIPs and the point Q is the intersection of two lines defined by the two outer finder patterns. 
Marker detection and pose estimation
For pose estimation the size of the markers that is encoded in the QR codes, is required. Since each QR code holds its size information, various QR code sizes can be used for different applications without giving the system this preknowledge in advance. The pose describes the transformation between the marker plane coordinate system and the camera coordinate system as a rotation matrix R and translation vector t. Two methods are proposed for pose estimation: − A method based on points correspondence, it is a conventional method but refined in accuracy − A method based on the optimization of the homography through template matching
Pose estimation based on point correspondences
The used QR code consists of 21 × 21 elements. Each single element is detected as a pattern with four corners by line fitting of all edges that lie in a row (see Figure 5 ). By computing the intersection of all lines, 484 points are detected and can be used for pose estimation. The input image is filtered with a Sobel edge detector in x and y direction. For line fitting, all the edges that lie in a row are used to fit one line. For this purpose a mask is created for each of this edge points. The mask is iteratively applied and the lines are fitted to all of the edge contours. Finally the intersections of all detected lines in both directions are computed.
Pose estimation based on optimization of the homography
This is a novel method aimed to obtain the pose of a QR code marker in space with high accuracy. The method performs an iterative template matching between a created QR code template and the QR code in the acquired image until an error function is minimized [5] . This error function depends on the position and orientation of the marker, and its numerical optimization is based on a non-linear unconstrained problem [6] . The algorithm is described in Figure 6 .
The method starts by creating a template of the QR code. With the already computed ROI of the marker in the acquired image, a subimage f of the marker is created. Then an initial homography matrix H 0 can be computed with four edge points (x i , y i ) of the template and the corresponding edge points (u i , v i ) of the ROI by setting up a system of equations based on the following formula, with a scalar s i [7] :
After that, a new image g is created by transforming the QR code template to the ROI with the current homography H i . The image f and g are compared to compute their difference and consequently evaluating it as an error value. Finally, depending on the error, the homography is iteratively optimized until the images are as similar as possible, i.e. the error function is optimized. With this optimized homography matrix, it is possible to calculate the pose according to [8] .
Results and conclusion
To evaluate the precision of the pose estimation procedure reference measurements are done with the Optotrak Certus tracking system [9] . With a fixed pose of the Optotrack camera and the video camera, respectively, the transformations "Optotrack to video camera" and "video camera to QR code" are recorded and evaluated. Measurements are done at five different distance ranges (200-300 mm, 300-500 mm, 500-650 mm, 650-750 mm, 750-900 mm) for angles from 0°to 40°in all directions. The RMS error is computed from 20 measurements in each distance range. The camera for image acquisition is a HD camera from the XIMEA xiQ series with a resolution of 1280 × 1024 px and 60 frames per second.
The accuracy for the iterative homography method varies between 6 mm and 14 mm for the translation at a distance from 200 mm to 900 mm and QR code sizes of 50 × 50 mm and 100 × 100 mm. The rotation accuracy lies between 2°and 5°. The pose estimation based on point correspondences, by fitting lines to the QR code structure, shows better accuracy results compared to the iterative homography method. In this case, the translation accuracy ranges from 6 mm to 8 mm also at a distance from 200 mm to 900 mm and QR code sizes of 50 × 50 mm and 100 × 100 mm. The rotation accuracy ranges from 1°to 4°.
The current setup allows a detection and pose estimation process with one to five frames per second, but can be accelerated by optimizations on the CPU and GPU. QR codes can be detected for a tilting angle up to 60°d ependent on the marker size and distance to the camera. The number of QR codes to track in one image is not limited.
The presented measurement system for surgical navigation purposes is a novel approach with several advantages compared to conventional optical or electromagnetic tracking systems. Especially the high level of integration by using one video camera integrated in a surgical light benefits a potential navigation application. The line of sight between the video camera and QR codes is less likely to blocked because the camera is positioned above the patient and the lighting of the surgical lamp is intuitively not interrupted for optimal illumination of the surgery area. The marker size and marker to tip transformation can be encoded in the QR code. Therefore, QR markers of any size can be attached to various instruments without system adaption. The presented algorithm detects several QR codes in an image by detecting the QR code finder patterns and classifying them according to certain features. A region of interest is created for each QR code in the image, which is the basis for exact QR code detection and pose estimation. The algorithms have been tested under several conditions and show robust results even for distorted, rotated, and tilted QR code markers.
It could be visually identified that the detection process for computing the point correspondences is still error-prone resulting in mismatches. Therefore the system accuracy is not sufficient to fulfil the requirements for a surgical navigation application yet, but can be improved in future work.
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